Diffusion in fractured reservoirs, unlike in unfractured reservoirs, can affect significantly the efficiency of gas injection in oil reservoirs and recycling in gas/condensate reservoirs. The physical diffusion, similar to gravity, results in the change of the path of the injected gas species from the fractures to the matrix, giving rise to late breakthrough. In this work, we present, for the first time, a consistent model to incorporate physical diffusion of multicomponent mixtures for gas-injection schemes in fractured reservoirs. The multicomponent diffusion flux is related to multicomponent diffusion coefficients, which are dependent on temperature, pressure, and composition. These coefficients are calculated from a model based on irreversible thermodynamics. Current simulation models of fractured reservoirs that include diffusion are based on inconsistent models of gas-to-liquid diffusion at the fracture/matrix interface. We avoid this deficiency by assuming that the gas and liquid phases are in equilibrium at the interface. The concept of crossflow equilibrium (i.e., vertical equilibrium) is invoked in our model to avoid the use of transfer functions. In this work, we use the combined discontinuous Galerkin and mixed methods on 2D structured grids to calculate fluxes accurately and to have low numerical dispersion to study physical diffusion. Four examples are presented. In one of the examples, a field-scale study is performed to investigate gas injection in a fractured reservoir away from miscibility pressure and close to miscibility pressure. Results show a significant effect of diffusion on recovery performance away from miscibility pressure. In another example, recycling in a fractured gas/condensate reservoir is presented to demonstrate that diffusion has a significant effect on condensate recovery.
Introduction
Recovery mechanisms in improved oil and gas recovery in unfractured and fractured reservoirs and the influence of various multiphase-flow parameters may be distinctly different. For gas injection in some fractured oil reservoirs, gas preferentially goes through high-permeablity fractures, and most of the oil is produced initially from the fractures if diffusion is neglected. Gravity drainage, physical diffusion, viscous and capillary forces, total pore compressibility, and phase behavior effects are the main mechanisms that affect the recovery. Depending on the rock, fluid properties, rock/fluid interactions, and the injection rate, any of these mechanisms may dominate. Gravity drainage is driven by the density difference between the oil and the gas. In case of low matrix permeability, gravity drainage may not have a significant influence on the recovery. In intensely-fractured reservoirs and under certain pressure and temperature conditions, diffusion can be the main recovery mechanism of matrix oil. The purpose of this work is modeling of diffusion and examination of its effect in fractured reservoirs from gas injection.
Various authors in the past have discussed the effect of diffusion on oil recovery in fractured reservoirs (Coats 1989; da Silva and Belery 1989; Thomas et al. 1991; Arana 2001; Darvish et al. 2006) . Coats (1989) has modeled the effect of diffusion in dualporosity models. In his work, he calculates gas/gas diffusion using the method proposed by da Silva and Belery (1989) . Most recently, Darvish et al. (2006) have suggested the importance of gas/liquid diffusion in line with the suggestion of some previous authors. The gas/liquid diffusion flux is assumed to be related to gas/liquid diffusion coefficients and the concentration difference between the matrix and the fracture. The latter is divided by the matrix width to account for concentration gradient. Unfortunately, such a formulation is inconsistent with both equilibrium and irreversible thermodynamics and has no physical basis.
Diffusion coefficients are the proportionality parameters in the diffusion-flux expression. Most of the experimental data on diffusion coefficients are limited to binary or ternary mixtures (Cullinan and Toor 1965; Sigmund 1976a Sigmund , 1976b Renner 1988; Leahy-Dios et al. 2005 ). There are no measured diffusion coefficients for reservoir fluids. Molecular diffusion in a multicomponent fluid is a function of pressure, temperature, and composition. For nonideal n c -component mixtures, there are (n c -1) independent diffusion fluxes expressed by the generalized Fick's law, and (n c -1) 2 diffusion coefficients (Cussler 1976; Taylor and Krishna 1993) . In multicomponent mixtures, the offdiagonal entries of the diffusion-coefficient matrix are often set to zero. As a result, only the diagonal entries are nonzero. However, for a nonideal gas or liquid mixture, both the diagonal and off-diagonal entries affect diffusion flux. In all previous works, as we will review shortly, most fundamental aspects of diffusion in multicomponent mixtures have been ignored. Petroleum fluids, even at low pressures, are not ideal because of the diversity in size of molecules; a realistic model of diffusion should include both diagonal and off-diagonal entries in the matrix of diffusion coefficients. Unfortunately, because of the uniqueness of most petroleum-fluid mixtures, such fluids are among very few cases that require multicomponent-diffusioncoefficient measurements and models. In the past, attempts to measure multicomponent diffusion coefficients have been limited. Most correlations for multicomponent diffusion coefficients are mainly based on data for binary diffusion coefficients (Mathur and Thodos 1965; Dawson et al. 1970; Takahashi 1975; Sigmund 1976a Sigmund , 1976b Riazi and Whitson 1993) . These correlations may not apply to reservoir fluids and may not be consistent with the thermodynamic stability considerations (Ghorayeb and Firoozabadi 2000a) . All these correlations neglect the crossdiffusion coefficients at nonideal conditions and assume effective diffusivity. In other words, the effective diffusion is defined by assuming that the diffusion flux of component i depends only on its composition gradient.
Currently, multiphase flow in fractured media is simulated using single-porosity and dual-porosity models. In the singleporosity model, fractures are discretized and treated explicitly as the rock matrix. To describe the fracture network, an excessive number of griddings may be required. Moreover, because of the different length scale and the contrast in rock properties between fracture and matrix blocks, the discretization may result in ill-conditioned systems and small timesteps. The dualporosity model overcomes the drawback of the single-porosity model by assuming that matrix blocks act as a sink/source term for the flow in the fractures (Warren and Root 1963; Kazemi et al. 1976; Thomas et al. 1983) . Computations take place in the fracture network with the sugar-cube configuration. Although this model is computationally efficient, it may have major limitations. The accuracy of the model depends on predefined empirical functions that describe the mass transfer between the matrix and the fractures. These transfer functions may not be properly defined for states of variable wettability and for molecular-diffusion mechanisms. In order to include transfer of species because of diffusion between a fracture that is, for instance, gas-saturated and a matrix block that is, for instance, oil-saturated, a gas/liquid diffusion flux is introduced to be a function of the gas/liquid diffusion coefficient and the gradients of concentration between gas and liquid phases, as mentioned previously. Considering that composition of species in different phases cannot be a driving force, the gas/liquid diffusion flux has no justification.
In this work, we use the discrete-fracture model, where fractures in an n-dimensional space are simplified to elements in an (n-1)-dimensional space by integrating along the fracture aperture (Bastian et al. 2000; Bogdanov et al. 2003; Karimi-Fard and Firoozabadi 2003; Monteagudo and Firoozabadi 2004) . In 2D space, the fractures are represented by the edges of the mesh. This simplification overcomes the limitation of the single-porosity model. We also invoke the cross-flow equilibrium concept where the fluid in the fracture element and that in the adjacent matrix grids are assumed at equilibrium. This assumption avoids defining the transfer function that is required in the dual-porosity model. We use a consistent model to predict the diffusion coefficients of multicomponent mixtures as a function of temperature, pressure, and composition. The effect of rock (tortuosity) is also taken into account. The model, based on irreversible thermodynamics, is developed by Ghorayeb and Firoozabadi (Ghorayeb and Firoozabadi 2000a; Firoozabadi et al. 2000) . The compositional flow is described by using a numerical model that combines the mixedfinite-element (MFE) and discontinuous-Galerkin (DG) methods (Hoteit and Firoozabadi 2005 , 2006b , 2006c . The MFE method is used to approximate the pressure equation. The DG method, which is superior to the first-order methods in decreasing numerical dispersion, is employed to approximate the species-balance equations.
Multicomponent molecular diffusion can influence the recovery performance significantly in fractured oil and gas reservoirs provided the pressure and injected-gas composition are selected such that one stays away from the miscibility conditions and critical regions. In other words, because of the increase in molecular diffusion coefficients at lower pressures, one may benefit from performing gas injection by staying away from the critical point. In a two-component mixture, the diffusion coefficient is given by D 12 (M 1 M 2 /M 2 )(@ ln f 1 /@x 1 ) T,p , where D 12 is a coefficient (Ghorayeb and Firoozabadi 2000a) ; f 1 is the fugacity of component 1; x 1 is the mole fraction of component 1; M 1 and M 2 are the molecular weights of components 1 and 2, respectively; and M is the average molecular weight. On the basis of the thermodynamic stability analysis, ð@ ln f l =@x l Þ T;p reduces to 0 as the critical point is approached. Away from the critical point, ð@ ln f l =@x l Þ T;p is always positive (Firoozabadi 1999) . In other words, when gas and liquid phases are away from the critical point, diffusion flux is expected to be pronounced. In multicomponent mixtures, the determinant of the diffusion coefficient matrix is zero at the critical point (Ghorayeb and Firoozabadi 2000a) . Unlike in binary mixtures, the diffusion flux for multicomponent mixtures at the critical point is not necessarily zero.
The paper is organized as follows: We first review the governing equations for two-phase compositional flow in porous media and the model used to predict the molecular diffusion coefficients. The solution methods are then briefly outlined, followed by four numerical examples to investigate the effect of molecular diffusion on oil and condensate recovery as a function of fracture intensity. The work is concluded with various remarks.
Mathematical Model
The governing equations for two-phase (gas/oil) compositional flow are given by the species-balance equations, Darcy's law, and the thermodynamic equilibrium between the phases. In this work, we neglect capillarity because of low interfacial tension in the gas/oil system at the conditions of our interest.
Species-Balance Equations. The species balance for component i in a two-phase n c -component mixture is given by:
where
The compositions z i , x i,o , and x i,g are constrained by
In Eqs. 1 and 2, f denotes the porosity; c is the overall molar density; the superscripts g and o refer to gas and oil phases, respectively; i is the component index; z i is the overall mole fraction of component i; x i,a is the mole fraction of component i in phase a(a=o,g); and c a and S a are the molar density and saturation of phase a, respectively. Other variables are U i , the total molar flux of component i; q a ; the phase velocity; and J i,a , the diffusion flux of component i in phase a.
The velocity for each phase is given by Darcy's law,
where k is the absolute permeability of the porous medium k ra , m a , and r a are the relative permeability, viscosity, and mass density of phase a, respectively; p denotes the pressure; and g is the gravitational vector.
Pressure Equation.
On the basis of the concept of volume balance, one can write the pressure equation (Acs et al. 1985; Watts 1986 )
where x is the total fluid compressibility and v i is the total partial molar volume for component i. The local thermodynamic equilibrium implies the equality of the fugacities of each component in the two phases; that is f i;o T; p; x j; o; j¼1;...;ncÀ1 À Á ¼ f i;g T; p; x j; g; j¼1;...;ncÀ1 À Á ; i ¼ 1;:::; n c :
Diffusion Flux. The expression of the molecular-diffusion flux of an n c -multicomponent mixture in phase a is given by the generalized Fick's law:
. .
and 
Note that in this work, we have neglected convective dispersion and superdiffusion. The latter, which is also known as fractional diffusion, involves fractional derivatives. It arises in contaminant transport in some aquifers (Benson et al. 2001 ). In the rock matrix, convective velocity is very low. Therefore, convective dispersion can be neglected. In the fractures, although convective velocity is high, the convection dispersion is much lower than the convective transport. In petroleum fluids, superdiffusion is believed to be negligible.
The diagonal entries in Eq. 7, D i;i;a ; i ¼ 1;:::; n c À 1 are known as the main diffusion coefficients; and the off-diagonal entities D i, j,a ; i, j = 1,:::, n c -1 (i 6 ¼ j) are known as the cross-diffusion coefficients, which are generally nonzero and not symmetric (i.e., D i,j,a 6 ¼ D i,j,a ; i 6 ¼ j). The diffusion flux should satisfy the constraint equation (Cussler 1976; Taylor and Krishna 1993) :
The diffusion flux of the n c th component can thus be calculated from Eq. 8.
Multicomponent-Diffusion-Coefficient Model. We use the multicomponent-diffusion-coefficient model of Ghorayeb and Firoozabadi (2000b) to calculate the full diffusion matrix as a function of temperature, pressure, and composition. The diffusion coefficients are written as
where the elements of matrices B a and G a are given by 
The derivatives of the fugacities in Eq. 11 are calculated from the Peng-Robinson equation of state (PR-EOS) (Peng and Robinson 1976; Firoozabadi 1999) . In Eq. 10, the coefficientŝ D i;j ; known as the Stefan-Maxwell coefficients, are defined aŝ 
whereD 0 i;j are the infinite dilution diffusion coefficients. Ghorayeb and Firoozabadi used the correlation of Hayduk and Minhas (1982) to estimate these coefficients,
where V i and m j are the molar volume and the viscosity at the normal boiling point of components i and j, respectively.
Numerical Model
An implicit-pressure/explicit-saturation-type numerical model is used in this work; the pressure equation is approximated implicitly, and the species-balance equations are approximated explicitly in time. We combine the mixed MFE and DG methods to approximate the two-phase compositional flow. A detailed description of the numerical model is provided in the references (Hoteit and Firoozabadi 2005 , 2006b , 2006c ).
The main features for the MFE method are: (1) the pressure and the fluxes are approximated simultaneously with the same order of convergence, (2) the method is locally conservative, and (3) it can readily accommodate the full permeability tensor. The MFE method is more accurate in flux calculation than the conventional finite-volume and finite-element methods. The basic idea of the MFE method is to approximate simultaneously the pressure and velocity fields by discretizing individually the Darcy law (Eq.3) and the pressure equation (Eq. 4). The discretization of Darcy's law and the pressure equation leads to the linear system that has the cell average pressure P and the edge average pressure T p (traces of the pressure) as the main unknowns; that is,
where M is a sparse square matrix of dimension N E and R T andR are sparse N K Â N E rectangular matrices. N E and N K are the number of edges and the number of cells in the mesh, respectively. The matrix D is diagonal and can be readily inverted. The linear system in Eq. 14 can then be reduced to
The primary unknowns in Eq. 15 are the traces of the pressure. After calculating T p , the cell pressure average and the flux are computed locally.
The DG method is used to approximate the nonlinear equations describing the species balance. One property of the DG method is that it conserves mass at the element level in a finiteelement framework. This method, associated with suitable slope limiters, can capture discontinuities or sharp gradients in the solution. Our intention in using higher-order approximations is to reduce the numerical dispersion to study the physical-diffusion properly. The method consists of a discontinuous, piecewise bilinear approximation on rectangular elements of the unknowns c and cz i ,; i = 1,:::,n c -1. The following equations are approximated by the DG method:
and
Eq. 16 describes the balance of the (n c -1) species, and Eq. 17 describes the overall balance equation. Eq. 17 is obtained by summing Eq. 1 over the species and using Eq. 2 and the constraint P nc i¼1 J i;a ¼ 0:
The discretization of Eq. 17 by the DG method is formulated by multiplying Eq. 17 by a test function f K;' and integrating by parts over the block K; that is
where the unknown c is locally approximated over K in a discontinuous finite-element space such that
The unknowns c K,j denote that values of the overall density c K at the nodes of the block, and N e is the number of nodes of the block (for rectangular elements, N e = 4). The superscript in/out in Eq. 18 denotes the unknown values from the upstream blocks. Eq. 16 can be discretized in a similar manner. The diffusion term is treated explicitly in time. We note that having explicit diffusion has no consequences on the size of the timestep because the timestep is mainly controlled by the convection flux in the fractures, which is the dominating mechanism.
The local system of Eqs. 16 and 17 allows us to calculate the overall composition z i ,i = 1,:::, n c . Phase-splitting is then performed to calculate the composition and the saturations of the phases for given pressure, temperature, and overall composition.
In compositional flow, heterogeneities and fractures add complexity to the fluid-flow modeling. To overcome the limitations of the single-porosity and the dual-porosity models, we invoke the cross-flow equilibrium concept where we assume that the fluids in the fracture and in the adjacent matrix cells are in equilibrium. With this assumption, which is valid as long as small matrix cells are considered next to the fractures, the calculation of the fracture/ matrix flux is avoided. The calculation of the fracture/matrix flux results in a serious restriction in the size of the timestep (CourantFriedrichs-Lewy condition) in a single-porosity model.
With the cross-flow equilibrium concept, we assume that the state unknowns (pressure and composition) in the fracture and in the adjacent matrix cells are the same. This assumption removes the need for calculating the matrix/fracture flux; only the matrix/ matrix and the fracture/fracture fluxes are required because the governing equations are integrated over the control volume that includes the fracture element and the two adjacent matrix cells. Further details are provided in references Firoozabadi 2005, 2006c) .
Numerical Results
In this section, we present four numerical examples for binary and multicomponent mixtures for gas injection and recycling in fractured media. All the results are for the structured grids. Results for unstructured grids and for anisotropic media will be presented in a future work. The examples are selected to show the significance of molecular diffusion in fractured media. The domain is a 2D vertical cross section with 500-m length and 100-m height. Methane in Examples 1 and 2, CO 2 in Example 3, and a dry gas in Example 4 are injected at a constant rate at one corner in the top of the domain. The producer is located at the lower opposite corner. At the production well in Examples 1 through 3, the pressure is kept constant, whereas the production rate in Example 4 is kept constant. The fractured domain has the sugar-cube configuration, where different sizes of matrix blocks (100 Â 10-, 10 Â 10-, and 10 Â 5-m 2 blocks) are used. Fig. 1 shows the fracture-network configuration and intensity. In all the examples, the fracture aperture is equal to 0.5 mm; it is the same for all the fractures. The cubic law is used to calculate the fracture permeability; that is
where e is the fracture aperture. The porosity, matrix permeability, and relative permeability are given in Table 1 . To examine the significance of molecular diffusion, we performed two types of simulations-without diffusion (diffusion coefficients are set to zero in the simulator) and with diffusion. We did extensive study of gridding of the matrix blocks. All the results presented in this work are performed on unequal griddings of sizes 100 Â 81, 201 Â 81, and 201 Â 121 for Configurations a, b, and c of Fig. 1 , respectively. The smallest matrix gridcells next to the fractures were assigned a thickness of 10 cm. Further refinement did not affect the results. All runs were performed on a 2.5-GHz, Pentium 4 PC. The runtime varied from less than 1 hour in the two-component mixture to more than 1 day in the multicomponent mixtures with intensely fractured media of Configuration c in Fig. 1 . The computational time for the singleporosity model is three orders of magnitude greater than that of the model used in this work, as we have shown in Hoteit and Firoozabadi (2005) .
Example 1-Binary Mixture. In this example, the domain is saturated with liquid propane at temperature T = 366 K. The initial pressure p at z = 0 is 38 bar, and the pressure at the production well is held equal to the initial pressure. Methane is injected at a rate of 1.3Â10 -4 pore volumes per day (PV/D) to displace propane to the opposite producing corner. The relevant properties of the (C 1 /C 3 ) mixture are provided in Table 2 . Produced methane and propane recovery vs. pore volumes injected (PVI) and time are depicted in Fig. 2 . The diffusion clearly delays the breakthrough and significantly enhances the recovery. Fig. 3 shows the composition profile of C 1 at nearly 5, 10, 25, 50, and 100% PVI for two cases-with and without diffusion. Configuration b (Fig. 1) with matrix of 10 Â 10-m 2 blocks is used in the run. In Figs. 3a and 3b , where the molecular diffusion is neglected, one can see that the injected gas fills the fracture network very quickly. In Figs. 3c, 3d , and 3e, methane starts to drain the oil in the matrix block from gravity drainage, which is, in this case, the basic mechanism of oil recovery. The high concentration of methane at the top of the matrix blocks is clear evidence of the gravity effect. On the other hand, a substantial difference in the profile of C 1 composition is clearly noticed in Figs. 3a 0 through 3e 0 , where we account for the diffusion mechanism. The diffusion coefficients are in the range of 8.7 Â 10 -4 and 2.2 Â 10 -9 m 2 /sec in gas and oil phases, respectively. Note that it is the high diffusion coefficient of the gas phase that results in the efficient recovery of the liquid phase. Because of the selected pressure and temperature conditions, the density difference between propane and the injected methane is not significant. In this example, diffusion has a more pronounced effect than the gravity effect. We have also investigated the effect of diffusion in homogeneous media with a constant permeability (no fractures) and performed simulations with and without molecular diffusion. Fig. 4 shows that there is a minor effect of diffusion in homogeneous media. One reason is that diffusion can be efficient close to the interface between phases (gas and oil) where the difference in composition gradient is very pronounced in a given phase. In fractured media, the gas/ oil-contact area is much greater than that in the homogeneous media. Thus, the effect of diffusion may increase with the density of the fracture network, as we will see later. There is also another related reason: In fractured media, diffusion takes place mainly in the matrix where diffusion flux may be comparable to convective flux. In homogeneous media, the direction of diffusion flow at the gas/oil interface is essentially in the same direction as the convec- tion flow, and the former is much greater than the latter; therefore, the diffusion mechanism is more likely to be much less pronounced.
Example 2-Multicomponent Mixture With C 1 Injection.
In this example, we use the reservoir fluid Xd, taken from Firoozabadi and Aziz (1986) . The composition, critical data, and other properties of the mixture are provided in Table 3 . Similarly to Example 1, methane is injected at the top right corner. The reservoir fluid is initially in liquid state. We investigate the effect of pressure and the density of the fracture network (that is, the size of the matrix blocks) on the performance of the reservoir. In the first test, we fix the pressure at the production well to be 320 bar, which is slightly higher than the bubblepoint pressure, which is approximately 310 bar. This pressure is considerably less than the measured minimum miscibility pressure (MMP) of 435 bar. In Fig. 5 , we show the oil recovery and the produced methane vs. PVI and time for different configurations. The effect of diffusion becomes more important as the size of matrix blocks decreases. In Fig. 5a , one notices that without diffusion, the recovery is not affected by the fracture configuration. However, with diffusion, there is a 20% increase in recovery in the fractured Configuration c compared with Configuration a. The breakthrough occurs at 16% PVI, whereas, without diffusion, it is at 2-3% PVI (Fig. 5b) . Similarly to the binary mixture example, we have examined the effect of diffusion in homogeneous media. Fig. 6 shows the profile of methane composition in the homogeneous medium. Diffusion in homogeneous media has no significant effect on the production performance.
In the binary mixture, the diffusion coefficient vanishes at the critical point. In multicomponent mixtures, the determinant of the diffusion coefficient matrix is zero at the critical point but not the individual diffusion coefficients. However, these coefficients decrease as the pressure increases and so does the diffusion flux. In this second test, we increase the reservoir pressure and set it equal to the measured MMP of the fluid (p = 435 bar). Because of deficiencies in equations of state such as the PR-EOS, the predicted MMP is higher than the measured MMP, and, therefore, at p = 435 bar, the injection of gas results in a two-phase state (Firoozabadi and Aziz 1986) . Fig. 7 presents the recovery and the produced methane with and without diffusion. One can clearly notice that diffusion is less effective at high pressure than at low pressure. Values of the diffusion coefficients in liquid and gas phases at the front and the corresponding compositions for low and high pressures are presented in Tables 4 through 7. In both cases (low and high pressures), we consider the same massinjection rate that corresponds to 6.8 Â 10 -5 and 5.5 Â 10 -5 PV/D for the low-pressure and high-pressure cases, respectively. At high pressure, the PVI is less at a given time, and convection flow is lower at high pressure than at low pressure. Moreover, there is a more pronounced phase-behavior effect at high pressure. The K-values of the reservoir fluid at low and high pressures at the front are presented in Table 8 . In Fig. 8 , we plot the recovery and the produced-methane composition vs. time at the two pressures. The high-pressure case corresponds to the lower PVI at a given time. Fig. 8 shows that increasing the pressure does not increase the recovery significantly because diffusion at high pressure is less significant. The recovery plots in this example and the following two examples are based on the stock-tank-oil conditions. Example 3-Multicomponent Mixture With CO 2 Injection. Similarly to Example 2, the domain is saturated with a reservoir fluid that is in liquid state. The composition and critical properties of the mixture are provided in Table 9 . The initial water saturation and the residual-oil saturation are 0.2 and 0.3, respectively. The mixture bubblepoint pressure is 155 bar at 359 K. In this example, CO 2 is the injected gas. We fix the pressure at the production well to be 175 bar. Fig. 9 shows the oil recovery and breakthrough of the injected gas vs. PVI. One notices that diffusion has a more pronounced effect on improving the recovery than it does in Example 2, mainly because of the more pronounced composition gradient. Thirty percent more oil is recovered with diffusion in the intensely fractured Configuration c. Fig. 10 shows the CO 2 composition profile (mole fraction) with and without diffusion for the fine Configuration c (Fig. 1) . The results are plotted for different PVI-5, 10, 25, and 100%. There is a significant effect of diffusion on the profile. One notices that diffusion reduces the spreading of gas in the fracture network.
To measure the relative importance of molecular diffusion to convection, we evaluated the Péclet number Pe. For a binarycomponent single-phase flow in 1D porous medium, the conventional definition of the Péclet number is given by
where v is the bulk velocity, L is a characteristic length, and D is the diffusion coefficient. The extension of Eq. 21 to multicomponent two-phase flow in 2D is not well established. Because of the high contrast in velocity between the matrix and fracture blocks, the grid Péclet numbers in oil and gas phases are computed locally by 
where D a k k is the norm of the diffusion-coefficient tensor that corresponds to the maximum eigenvalue, q a k k is the maximum directional velocity along the x and z directions, and L is the length of the gridcell that corresponds to the direction of the maximum-velocity component.
Away from the injector, the maximum velocity in the matrix gridcells corresponds to the gravity-drainage rate, which is approximately kk ra =m a ð Þ Dr a g ð Þ (Firoozabadi and Ishimoto 1994) . The Péclet numbers in oil and gas phases vs. the reservoir height of x = 500 m are plotted in Fig. 11 . The Péclet number in the fracture gridcells is three to four orders of magnitude greater than that in the matrix. In Fig. 11a , the Péclet number in the gas phase increases with height because of higher gas velocity toward the top of the reservoir. Because the oil phase flows with lower velocity than the gas phase, the Péclet number (Fig. 11b) is approximately one order of magnitude less than in gas phase.
The Péclet number, which is less than unity in the matrix blocks (Fig. 11) , indicates that the gravity drainage is inefficient and molecular diffusion is the predominant process. To assess the effect of gravity drainage, we increased the matrix rock permeability by one order of magnitude (k = 10 md). Oil recoveries vs. PVI with and without diffusion are shown in Fig. 12 . Molecular diffusion has less effect on oil recovery because of more effective gravity drainage, as expected. In Fig. 13 , the Péclet number in the gas phase is essentially greater than unity, except at the bottom of the reservoir, which indicates less relative importance of molecular diffusion compared to gravity drainage.
We also note that hydrodynamic dispersion is not expected to have much effect on fluid flow in the matrix and fractures. Rakotomalala et al. (1997) have studied the displacement of miscible fluids between two parallel plates for different Péclet numbers and viscosity ratios. They show that the effective dispersion becomes less significant when Pe is greater than 50. In our work, the Péclet number in the fractures is essentially greater than 100 (see Fig. 11 ). Because of the high convective velocity in the fractures, one can safely neglect both dispersion and diffusion.
Hydrodynamic dispersion can be higher than molecular diffusion in porous-media flow. For small Péclet numbers, however, molecular diffusion could be dominant (Nasrabadi et al. 2007 ). Coats and Smith (1964) report that molecular diffusion is dominant when Pe is less than 2. In recent work, Jha et al. (2008) have studied the effect of diffusion on dispersion. They present a large body of data and plot the ratio of hydrodynamic dispersion to molecular diffusion (D l /D 0 ) vs. Péclet number. The data show that the ratio D l /D 0 is less than unity when Pe is less than unity. In our examples, Pe is essentially less than 0.1 in the matrix (Fig. 11) for most cases. As long as the Péclet number in the porous medium is less than unity, the effect of hydrodynamic dispersion can be neglected. Therefore, we have neglected the hydrodynamic dispersion in our work. In cases when dispersion is not negligible, our work provides a framework for modeling. In such cases, the diffusion coefficients are replaced by the effective-dispersion coefficients, which are the sum of hydrodynamic-dispersion and molecular-diffusion coefficients. Example 4-Recycling in a Gas/Condensate Reservoir. In this example, we study the effect of diffusion on recycling in a gas/ condensate reservoir. The relevant data of the reservoir fluid are given in Tables 10 and 11 . Fig. 14 shows the computed constantvolume depletion (CVD). Unlike in the preceding three examples, the production rate at the production well is kept constant at 7.2 Â 10 -5 PV/D. Eighty percent of the produced gas (after liquid recovery) is reinjected at the injection well. The composition of the injected gas is given in Table 12 . The initial reservoir pressure (at z = 0) and temperature are 437 bar and 410 K, respectively.
The dewpoint pressure is 403 bar. During the injection process, the pressure in the domain drops below the dewpoint pressure, and, therefore, the reservoir enters in the two-phase gas-and-liquid state. In Fig. 15 , we show the pressure drop at the injector vs. PVI with and without diffusion. There is less pressure drop with diffusion. In Fig. 16 , we show the condensate recovery vs. PVI with and without diffusion. There is a significant effect of diffusion, by a factor of two, on condensate recovery.
Complexity of Phase-Equilibrium Calculations
Phase-equilibrium calculations in fractured media may be considerably more complicated than in homogeneous media. For the type of compositional flow model used in our work, during one timestep, significant compositional changes may occur in the fracture and the associated matrix cells. We found early in our work that the initial guess from a previous timestep may not be good enough. In unfractured media, the Newton method for the solution of phase-equilibrium calculations may converge in 2-3 iterations using the K values from the previous timestep. However, in fractured media, especially close to the phase boundaries, K values from previous timesteps may result in convergence failure frequently. Stability analysis based on the quasi-Newton method (Hoteit and Firoozabadi 2006a) proved to be very robust and efficient for providing an initial guess for the phase-equilibrium calculations. On the other hand, the accelerated substitution for phase-equilibrium calculation was found to lack robustness.
Concluding Remarks
In this work, we present a consistent numerical modeling for diffusion in fractured media. To overcome limitations of dualporosity models, which require a priori transfer functions, we use the crossflow equilibrium concept, where we assume that the fluids in the fractures and in the adjacent gridcells in the matrix are in equilibrium. This type of model is very powerful in reducing the CPU time compared to a single-porosity model. We also demonstrate that, at high pressure, molecular diffusion reduces significantly, as expected from thermodynamic considerations. At pressures below MMP, molecular diffusion may result in significant recovery enhancement in fractured petroleum reservoirs. We also demonstrate that recycling in fractured gas/condensate reservoirs may benefit enormously from diffusion.
As a final remark, we would like to emphasize that the efficiency of diffusion is mainly from high diffusion rates in the gas phase once the two-phase state is created in the matrix block in an oil reservoir. In the recycling schemes, the gas phase already exists in the matrix, and, therefore, as the pressure decreases, the rate of diffusion increases, resulting in further significant enhancement of condensate recovery. 
